By use of site-specific antibodies against synthetic oligopeptides, we examined the localizations of the gap junction proteins connexin 32 (Cx32) and connexin 26 (Cx26) in rat and guinea pig liver. Double-labeling immunofluorescence microscopy revealed that in guinea pig liver both proteins were spread throughout the liver lobules and seemed to localize together within the same gap junction plaque. In rat liver, co-localization of both Cx32 and Cx26 in the same plaques was also suggested in periportal zones. Quick-freeze, deep etch immunoelectron miaampy showed that immunolabeling of isolated guinea pig liver gap junction plaques with either Cx32 or Cx26 antiserum yielded complete and dense antibody decoration ofthe cytoplasmic surfice of the plaques.
Introduction
Gap junctions are aggregates of transmembrane channels that achieve direct intercellular communication in almost all the vertebrate tissues (1, 25) . Each unit channel is composed of a dodecamer of integral membrane protein subunits, called connexin (32) . The complementary DNAs of connexins have been cloned from different rat tissues: (332 (connexin 32) (16.22) and Cx26 (34) from liver, Cx43 from heart (3), and Cx46 from lens (23) . Connexin cDNAs of other species have also been characterized in chicken (2), frog ( 6 4 , and mouse (10,33). Between these connexins, a basic structural similarity has been revealed by hydropathy plots of their amino acid sequences.
In liver, at least two homologous connexin molecules, Cx32 and G 2 6 , are present. The relative content of these proteins, however, varies among species. In SDS-PAGE analysis of isolated liver gap Supported in part by grants-in-aid for Scientific Research from the Ministry of Education, Science and Culture, Japan (Nos. 03454117, 03253207, and 04248207).
Correspondence to: Dr. Akio Kuraoka, Dept. of Anatomy, Faculty of Medicine, Kyushu University, 3-1-1 Maidashi, Fukuoka 812, Japan. junctions, relative protein ratios of G 3 2 to Cx26 are 1.9-23 in mouse, 10-12.5:1 in rat, and 2. 33 in rabbit (21, 30) . In contrast, the major component in guinea pig liver gap junctions is Cx26, with about a threefold higher content than (332 (30). Immunohistochemistry has also revealed different distribution profiles of both proteins among species at the tissue level. In mouse liver both connexins are distributed throughout the lobules (21). In rat liver Cx26 is mainly distributed in the periportal zone of the liver lobule (31). whereas Cx32 is evenly spread throughout the lobule (5,31). However, in guinea pig liver tissue, in which Cx26 is dominant, the distribution patterns of both connexins have not yet been examined.
At the electron microscopic level, the co-localization of both connexins in the same gap junction area has been revealed in the mouse liver in situ (4,31). Within the isolated mouse liver gap junctional plaque, a diffuse distribution pattern of Cx26 has been sug gested (34). However, the localization pattem of both proteins within a single gap junction plaque has not yet been clearly shown when they are co-localized.
The present study was carried out to elucidate the distribution patterns of Cx32 and Cx26 in guinea pig liver in comparison with rat liver at the tissue level. Moreover, using gap junction membrane pellets isolated from either rat or guinea pig liver, we wished to clarify the localization patterns of these two connexin molecules at the single-plaque level.
By using immunofluorescence microscopy and antibody decoration in conjunction with quick-freeze, deep-etch electron microscopy, the results suggested that when both proteins were co-localized within single cells, they were randomly intermingled in single gap junction plaques.
Materials and Methods
Preparation of Antisera. Site-specific antisera were obtained by immunization with synthetic oligopeptides. Specific oligopeptides corresponding to the cytoplasmic loop of rat Cx32 (residues 106-117: L R L E G H G D P L H L) and rat Cx26 (residues 101-119: G K K R K F M K G E I K N E F K D I E) were synthesized according to the amino acid-sequence data deduced from cDNA (16, 22, 34) .
Japanese White rabbits were immunized three times at 2-or 3-week intervals with 1 mg of the synthetic peptide coupled to keyhole limpet hemocyanin (Calbiochem; La Jolla, CA). The peptides were injected with Freund's complete adjuvant (Difco Laboratories; Detroit, MI) at multiple paravertebral intradermal and subcutaneous sites. Antisera were collected 1 to 2 weeks after the final injection.
Monoclonal Antibody. Mouse monoclonal antibody anti-Cx32 (7-3H6) was a gift of Dr. A. a e d a (Department of Laboratory Medicine, Ehime University School of Medicine, Japan). This antibody binds to a cytoplasmic epitope, probably the carboxy-terminal domain, of Cx32 (30) .
Immunofluorescence Microscopy. The unfixed tissue blocks of adult rat and guinea pig livers were frozen in liquid nitrogen-cooled OCT compound (Tissue Tek; Miles, Elkhart, IN). Sections (6-8 pm thick) were mounted on glass slides, immersed in absolute acetone at -ZO' C for 5 min, rinsed in PBS three times for 5 min each, and then incubated for 15 min with 3% bovine serum albumin (BSA) in PBS (BSA-PBS). They were incubated for 1 hr at room temperature with a mixture of anti-Cx26 antiserum and monoclonal anti-Cx32 at 1:lOO dilution in BSA-PBS. After three rinses in PBS, the sections were incubated for 1 hr at room temperature with a mixture of goat anti-mouse IgG conjugated to fluorescein isothiocyanate (FITC) and goat anti-rabbit IgG conjugated to rhodamine (Tago; Burlingame, CA) at 1:50 dilution in BSA-PBS and were washed three times in PBS for 5 min. Samples were m i n e d on an Olympus BH-2 fluorescence photomicroscope (Olympus; Tokyo, Japan).
Preparation of Gap Junction Membranes from Rat and Guinea Pig Liver.
Two to three retired female Sprague-Dawley rats or Hartley strain guinea pigs were permitted to feed and drink ad libitum and were used for each preparation. Animals were anesthetized with ether and the livers were excised. Liver gap junction membranes were purified according to Hertzberg's alkaline extraction method (11). Amounts of purified gap junctions were determined by a BCA protein assay reagent (Pierce Chemical; Rockford, IL).
SDS-PAGE and Immunoblot Analysis. Samples were dissolved in
Laemmli sample buffer and incubated for 1 hr at room temperature to avoid aggregation of gap junction proteins (18) . SDS-PAGE was done according to the method of Laemmli (17) in 15% gel and stained with Coomassie Blue.
For immunoblot analysis, proteins separated by electrophoresis were transferred electrophoretically to nitrocellulose sheets at 100 V for 1 hr. After blocking with 5% skim milk (Difco) in PBS containing 0.1% Tween 20 (T-PBSlmilk) for 1 hr, the blots were incubated with primary antibodies diluted 1:1000 with T-PBS/milk at room temperature for 1 hr. They were then washed for 15 min in T-PBS with changes every 5 min, blocked again for 15 min. and incubated for 1 hr with horseradish peroxidase (W)labeled goat anti-rabbit or anti-mouse IgG (Bio-Rad Laboratories; Rich-mond, CA) diluted 1:lOOO with T-PBSlmilk at room temperature. The localization of peroxidase was detected by the reaction using diaminobenzidine. The following proteins were used as molecular mass standards (Pharmacia; Uppsala, Sweden): phosphorylase b (MW 94,000); bovine serum albumin (67,000); ovalbumin (43,000); carbonic anhydrase (30,000); soybean trypsin inhibitor (20,100); and a-lactalbumin (14,400).
Immunolabeling of Gap Junction Membme Pella. Gap junction membrane pellets were washed once in PBS by suspension and centrifugation at 15,000 rpm (19,270 x g) for 10 min in a Hitachi RPSSS rotor. The pellets were then suspended in 500 p1 of PBS containing either pre-immune serum or antiserum at 1:lO dilution and incubated for 1 hr at room temperature with agitation. The samples were then washed three times in PBS by suspension and centrifugation. Finally, the immunolabeled pellets were faed at 2O' C for 30 min with 3% glutaraldehyde in 0.1 M cacodylate buffer, washed with the same buffer, and used for quick-freeze, deep-etch replica observation.
For double-labeling qeriments, the guinea pig liver gap junction pellets were suspended in a mixture of anti-Cx26 antiserum and monoclonal anti-Cx32 at 1:10 dilution in PBS and incubated for 1 hr at room temperature. After washing three times in PBS as described above, the pellets were then suspended in goat anti-mouse IgG conjugated to 10-nm colloidal gold particles Uanssen Life Science; Beerse. Belgium) at 1:20 dilution in PBS, incubated at 4'C overnight, and washed three times in PBS.
Quick-freeze, Deep-etch Study of Immunolabelcd Gap Junction Pellets.
Small pieces of the control or immunolabeled gap junction pellets were placed on a sheet of glutaraldehyde-fixed mouse cornea mounted on a gold alloy specimen holder disk and were quickly frozen by slamming against the surface of a polished copper block cooled with liquid helium using an Eiko RF-10 rapid-freezing apparatus (Eiko Engineering; Mito, Japan). Frozen samples were stored in liquid nitrogen for transfer. The frozen pellets were mounted on a Jeol JFD 7000 freeze-fracture apparatus Ueol; Tokyo, Japan). The surfaces ofthe pellets were grazed with a cooled blade at -llO'C, deeply etched at -95'C for 5 min or less, rotary-shadowed with platinum by the double-axis rotary replication technique (27) . and backed with carbon at an angle of 90'. The replicas were cleaned in household bleach to dissolve the remaining pellet. After washing with distilled water several times, replicas were picked up on 300-mesh copper grids and air-dried. Electron Microscopy. Replicas were observed in a JEOL 2000-EX electron microscope Ueol) operated at 100 kV. Pictures were printed in reverse to make metal deposits appear white and shadows black.
Results

characterization of Isolated Gap Junctions and Antibodies
SDS-PAGE analysis of gap junction proteins ( Figure 1 ) showed that rat liver gap junctions were composed of a major 32 KD band, [27] [28] [29] minor bands,and a very minor 26 KD band (Lane 2). In guinea pig liver, gap junctions were composed of a major 26-KD band and a 32 KD band (Lane 3). Typical yields of purified gap junctions were 0.2-0.3 mg per preparation (from two or three rat or guinea pig livers).
Characterization of the antibodies used in the present study was examined by immunoblot analysis on nitrocellulose paper to which alkali-extracted plasma membranes of rat and guinea pig liver were transferred (Figure 2A w bands at 27-29 KD in the rat liver preparation were faintly stained with the antiserum (Lane 2). No crossreactivity against a 26 KD polypeptide was observed. Cx26 antiserum labeled a polypeptide band in the position of26 KD protein and shaved no crossreactivity against a 32 KD polypeptide of both rat and guinea pig liver gap junctions (Figure 2B, Lanes 4 and 5) . Monoclonal antibody 7-3H6 stained a 32 KD polypeptide of both rat and guinea pig gap junctions (Figure 2B. Lanes 6 and 7) . The bands at higher molecular weight that may represent a dimer (11) were faintly stained with these antibodies (Figure 2B. Lanes 2. 3, and 5) . The monoclonal antibody did not recognize the 27-29 KD bands in rat liver ( Figure  2B, Lane 6) . This lack of reactivity was probably due to proteolytic cleavage of the epitope during the isolation procedure (30). and suggested that the 27-29 KD bands arc proteolytic degradation products of the 32 KD protein.
No binding was observed with either rabbit pre-immune serum or mouse IgG (data not shown).
Immunofluorescence Microscopy in Rat and Guinea Pig Liver
Double-labeling immunofluorescence microscopy was performed to examine the distribution of Cx32 and Cx26 in rat and guinea pig liver cryosections. In sections from both rat and guinea pig, immunostaining with the gap junction antibodies always yielded punctate or macular fluorescence spots in discrete regions between adjacent hepatocytes. In rat liver, the Cx32 antigenic sites spread uniformly throughout the liver lobules (Figure 3B) , whereas the Cx26-immunoreactive sites were mainly restricted to the periportal zones of the lobules and decreased in staining density towards the central vein ( Figure 3A ). In the guinea pig liver, antigenic sites of both Cx32 and Cx26 were uniformly distributed throughout the liver lobules (Figure 4) . In both species, Cx26-and Cx32-associated fluorescence could be identified in the same plaque in doubly immunostained sections (arrows in Figures 3 and 4) . No apparent plaques could be identified that were stained only with anti-Cx26 antiserum. However, the staining intensity of both proteins was not always uniform. Around some hepatocytes in guinea pig liver lobule, we sometimes observed relatively low staining intensity of Cx32 compared with that of Cx26 (arrowheads in Figure 4B) . In sections of rat liver, as mentioned above, the fluorescent signals of Cx26 in the periportal field were found to decrease gradually towards the central vein, whereas the signal intensity of corresponding spots of Cx32 seemed to be constant.
Immunolabeling with site-specific antiserum against Cx32 revealed the same Cx32 distribution patterns as with the monoclonal antibody (data not shown). In control sections stained with either rabbit pre-immune serum or mouse IgG, or stained only with fluorescence-conjugated secondary antibodies, no fluorescence labeling was observed (data not shown).
Deep-etch Views of ImmunoZabeZed Gap Junction Pdets
Gap junction membrane pellets were examined after immunolabeling with either anti-Cx32 or anti-Cx26 antiserum by the deep-etch replica technique to clarify the distribution patterns of Cx32 and Cx26 in the single plaque membrane.
Without labeling, the cytoplasmic surfaces of gap junction plaques isolated from both guinea pig and rat were always smooth, with some filamentous and particulate residues. Incubation with pre-immune serum did not bring about any morphological changes in the plaque ( Figure SA) .
Figure 4. Double immunolabeling of a frozen section of guinea pig liver stained with (A) site-specific antiserum against Cx26 and (E) the monoclonal anti-Cx32. Each primary antibody was visualized with rhodamine-labeled anti-rabbit (A) or FITC-labeled anti-mouse (E) IgG. Throughout the section, anti-Cx26 staining signals (A) are matched by the anti-(2x32 (B) staining (arrows). A few cells are surrounded by relatively low signal intensity of Cx32 (E, arrowheads). CV, central vein. Bar = 30 bm.
In guinea pig liver, after immunolabeling with Cx26 antiserum a deep-etch replica view of gap junction plaques revealed intense and complete decoration of the cytoplasmic surfaces ( Figure 5B ), whereas no labeling was observed on freeze-fractured internal membrane faces or on non-junction membrane areas. When Cx32 antiserum was applied to the gap junction plaques of guinea pig liver, we observed relatively sparse decoration on the entire cytoplasmic membrane surfaces ( Figure 5C ). In some plaques the labeling density of anti-Cx32 was relatively low ( Figure SD) , whereas others showed as high a density as that of Cx26 (data not shown). No focal or patchy clusters of labeling were observed.
In rat liver pellets, incubation of the gap junction membrane with Cx32 antiserum yielded complete and dense decoration of the cytoplasmic surfaces of all the plaques examined ( Figure 6A) . In contrast, after labeling with Cx26 antiserum, decoration on the cytoplasmic surface of the gap junctions revealed a variable density from plaque to plaque; some plaques were rather sparsely labeled [ Figures 6B (upper plaque) and 6C], and others were almost devoid of labeling [ Figures 6B (lower plaque) and GD]. Again, labeling was evenly distributed, and no focal clusters of the labeling were observed in any plaques examined. In all cases, freeze-fractured membranes and non-junction membranes were devoid of labeling.
By using both polyclonal anti-Cx26 and monoclonal anti-Cx32 antibodies, double-labeling experiments were also performed to confirm the CO-localization of both Cx32 and Cx26 in a single gap junction plaque of guinea pig liver (Figure 7) . To visualize anti-Cx32 antibody, colloidal gold-labeled anti-mouse IgG was used as secondary antibody. This double-labeling procedure yielded a dense coating of the entire cytoplasmic surfaces with the primary antibodies. Secondary gold particles were observed to decorate the primary antibody molecules diffusely on the whole cytoplasmic membrane surfaces (arrows in Figure 7 ). Their density was rather low when compared with single labeling against Cx32 as shown in Figures 5C and 5D . No focal or patchy labeling patterns of gold particles were observed. In control pellets treated either with the colloidal gold-conjugated secondary antibody after labeling only with the anti-Cx26 antiserum, or treated only with the secondary antibody, no specific gold labeling was observed (data not shown).
Discussion
In the present study, immunolabeling with specific antibodies was used to differentiate the distribution of two homologous gap junction proteins, connexins 32 and 26, in the liver. For this purpose we had raised polyclonal antibodies against specific regions with amino acid sequences unique to either Cx26 or Cx32 (16, 22, 24, 34) . Although exact amino acid-sequence data have not been available for guinea pig gap junction proteins, the present Western blots with each antisemm confirmed their specific labeling for a 26 KD or a 32 KD band in guinea pig liver gap junction proteins, as well as in the rat liver. The monoclonal antibody also recognized only a band at 32 KD in both guinea pig and rat liver. Furthermore, our immunofluorescence microscopic observation on rat liver sample was well in accordance with a report by Traub et al. (31) . These results verified the validity of their use for the double immunolabeling with anti-Cx26 and anti-Cx32 antibodies to discriminate the distributions of both connexin proteins.
Immunofluorescence microscopy demonstrated the difference in distribution pattern of Cx26 between guinea pig and rat liver gap junctions. Anti-Cx26 labeling showed evenly distributed patterns in guinea pig liver lobules, which is similar to that in mouse liver (21) , whereas in rat liver Cx26, a minor component, was localized mainly around the periportal area (31) . In contrast, the present observation showed that even though Cx32 is a rather minor component with a ratio of 13 in guinea pig liver (30) , Cx32 was always present in all the hepatocyte gap junction plaques. These results suggest that the presence of Cx32 is essential for assembly and formation of gap junction plaques in the liver gap junctions. It is known that phosphorylation of connexin seems to play an important role in gap junction plaque formation in the case of cardiac gap junction protein Cx43 (20) . Cx32 has several phosphorylation sites (16, 22, 26) , whereas Cx26 is devoid of these sites (26, 34) . The variable signal intensity of Cx32-positive junction plaques among guinea pig hepatocytes (Figure 4B) , as well as the periportal localization of Cx26 immunoreactivity in rat liver lobules (Figure 3A) . may indicate the variations in expression at the cellular level of these minor gap junction proteins in both species.
Double-labeling immunofluorescence microscopy with poly-clonal anti-Cx26 and monoclonal anti-Cx32 indicated that these two gap junction protein subtypes were localized together in the same gap junction plaques in the guinea pig liver as well as in mouse (21) and rat (31) livers. These observations at the optical microscopic level may still permit various interpretations. A major question is whether the two types of connexin proteins are randomly mixed or are assembled separately under some form of regulation within the plaques. In the former case, Cx32 and Cx26 could form hybrid hemichannels (heterohexamer) or each COM& could form hemichannels of only one protein subtype (homohexamer). In the latter, either Cx32 or Cx26 forms patchy areas surrounded by the other connexin subtype, or junction membrane halves or hemichannels are composed of each connexin protein and are apposed to form hybrid plaques of asymmetric channels.
To further examine the above possibilities at the ultrastructural level, we applied immunolabeling in combination with quick-freeze, deep-etch electron microscopy by the method of Hirokawa et al. (13, 15) to identlfy the two different COM& molecules w i b single gap junction plaques. With the ordinary deep-etch replica technique (12), we have observed cytoplasmic surface details of gap junction plaques (28, 29) . Taking advantage of the virtually smooth cytoplasmic surfaces of liver gap junction plaques in deep-etching replicas (14,29), labeling with primary antibodies alone can be detected as direct decoration of the plaques and the exact localization of epitopes can be visualized at the level of electron microscopic resolution. Although secondary antibodies were used in the previous studies (13,15), we omitted the secondary labeling procedure because the larger globular complex formed by both primary and secondary antibodies with colloidal gold marker might obscure the precise localization of the two different connexins within single plaques in which their epitopes are packed so tightly. In the present deep-etch studies, there seemed to be a relatively low ratio of antibody binding to connexins. This may be due to the large size of the IgG molecules compared with the dense packing of connexin proteins. In double-labeling immunoelectron microscopic study, rather low density decoration by the secondary gold particles was also observed. Labeling of guinea pig liver pellets with anti-Cx26 or rat livers with anti-Cx32 confirmed their dominant presence in the liver of each species. Dense and complete coating of the cytoplasmic surfaces suggests that these major connexins are diffusely and non-selectively distributed in the gap junction membranes of guinea pig and rat livers. The results on rat liver samples in which Cx32 labeling yielded dense decoration of the plaques are in good agreement with the previous thin-section views of immunolabeled gap junctions with anti-Cx32 antibodies (9, 19, 22, 24, 35) . In contrast, labeling of guinea pig liver gap junctions with anti-Cx32 or rat with anti-Cx26 yielded variable labeling density on cytoplasmic surface membranes. In the case of rat liver with anti-Cx26, membrane surfaces were sometimes virtually devoid of labeling. These results are in good agreement with those of the SDS-PAGE patterns and of immunofluorescence microscopy, and probably reflect the amounts of these minor gap junction proteins assembled in the plaques. Moreover, the absence of focal or patchy labeling patterns on any occasion strongly suggests that these minor gap junction proteins, Cx32 in guinea pig and Cx26 in rat liver, are distributed diffusely and randomly in the gap junction plaques at the level of electron microscopic resolution. Our double-labeling immunoelectron microscopic observation also confirmed the colocalization of Cx32 and Cx26 in the same plaques and supported this speculation. These results suggest that in the hepatocytes expressing both Cx32 and Cx26, they are not selected preferentially or segregated but are assembled randomly in the same gap junction plaques together, at least at the level of the connexon particle (hemichannel).
The present deep-etch replica study could not resolve the details of single gap junction subunits within connexons (hemichannels). It is still unknown whether different connexins can form heterohexamers.
